The G1 kinase CDK4 is amplified or overexpressed in some human tumors and promotes tumorigenesis by inhibiting known tumor suppressors. Here, we report that CDK4 deficiency markedly accelerated lymphoma development in the Eμ-Myc transgenic mouse model of B lymphoma and that silencing or loss of CDK4 augmented the tumorigenic potential of Myc-driven mouse and human B cell lymphoma in transplant models. Accelerated disease in CDK4-deficient Eμ-Myc transgenic mice was associated with rampant genomic instability that was provoked by dysregulation of a FOXO1/RAG1/RAG2 pathway. Specifically, CDK4 phosphorylated and inactivated FOXO1, which prevented FOXO1-dependent induction of Rag1 and Rag2 transcription. CDK4-deficient Eμ-Myc B cells had high levels of the active form of FOXO1 and elevated RAG1 and RAG2. Furthermore, overexpression of RAG1 and RAG2 accelerated lymphoma development in a transplant model, with RAG1/2-expressing tumors exhibiting hallmarks of genomic instability. Evaluation of human tumor samples revealed that CDK4 expression was markedly suppressed, while FOXO1 expression was elevated, in several subtypes of human non-Hodgkin B cell lymphoma. Collectively, these findings establish a context-specific tumor suppressor function for CDK4 that prevents genomic instability, which contributes to B cell lymphoma. Furthermore, our data suggest that targeting CDK4 may increase the risk for the development and/or progression of lymphoma.
Introduction
MYC oncoproteins function as transcription factors that coordinate the expression of a large cast of genes that direct cell metabolism, growth, and division. Elevated MYC levels are a hallmark of rapidly dividing human malignancies, and this has major effects on cell physiology, provoking hyperproliferative and DNA damage responses (DDRs) as well as apoptosis (1, 2) . In the Eμ-Myc transgenic mouse, a model of human B cell lymphoma (3) , bypass of these three checkpoints accompanies malignant transformation. First, MYC activates a DDR in premalignant B cells (4) , perhaps via MYC's effects on unscheduled firing of DNA replication origins (5) . Second, MYC induces the Arf tumor suppressor that inactivates the E3 ubiquitin ligase MDM2, leading to p53 stabilization and p53-dependent apoptosis (6, 7) . Third, MYC triggers p27 Kip1 destruction by the SCF Skp2 complex by inducing Cks1 expression as well as the expression of cyclin D2 (Ccnd2), which sequesters p27 Kip1 , and both responses likely contribute to the hyperproliferative response of MYC (8) .
c-MYC directly induces the transcription of Cdk4 (9), a G1 serine/ threonine kinase (10, 11) that is required for tumorigenesis in some contexts (12) (13) (14) . CDK4 activation requires binding to the regulatory cyclin subunits cyclin D1, -D2, or -D3. CDK4:cyclin D complexes phosphorylate and inactivate the retinoblastoma (Rb) tumorsuppressor protein, releasing E2F transcription factors that regulate genes necessary for entry and progression through the S phase (15) . Accordingly, CDK4 inhibitors block the activity of CDK4:cyclin D complexes and the proliferation of some cell types (15) .
Given these facts, it has long been thought that CDK4 functions as an oncogene via its ability to suppress the functions of Rb or of the SMAD3 or FOXM1 tumor suppressors (16, 17) . Indeed, some tumor types, for example mantle cell lymphoma, present with amplified CDK4 or CCND1 (cyclin D1) (18, 19) . Further, loss-of-function mutations in the CDK inhibitors p16 Ink4a and p15 Ink4b occur in tumor types that display elevated CDK4:cyclin D activity (15, 20) . In addition, loss or knockdown of CDK4 or cyclin-D1 disables RASand Neu-induced tumorigenesis (14, 21, 22) , and a mutant form of cyclin D1 that binds to, but cannot activate, CDK4 also impairs Neu-induced tumorigenesis (23) . Moreover, the CDK4:cyclin D2 complex is necessary for tumorigenesis provoked by Apc loss, which is MYC dependent (24) . Finally, melanoma cells are highly reliant on CDK4, or on the related kinase CDK6, to suppress senescence, making them particularly susceptible to CDK4/6 inhibition (17) .
One of the conundrums in cancer biology is that there are context-specific contributions of the Rb pathway in harnessing malignancy. For example, cyclin D1 or Cdk4 loss does not impair MYC-or WNT-driven breast adenocarcinoma (14) or tumor development in p53-deficient mice (25) . Further, there is no selection for Rb loss during Myc-driven lymphomagenesis in Eμ-Myc transgenic mice (7) , and selective inactivation of Ink4a does not affect MYC-driven lymphoma development (26) .
Though DNA damage dampens CDK activity, for example, via p53-directed activation of the general CDK inhibitor p21 Cip1 , overall CDK activity also controls the DDR, where CDKs are necessary to repair double-strand breaks and for optimal activation of checkpoints (27) . Given the necessary role of CDK4 downstream of MYC in epithelial cell tumorigenesis (12) versus the contrasting roles of MYC and CDKs in controlling the DDR (4, 28), we tested whether Cdk4 loss would affect Myc-driven lymphomagenesis. Surprisingly, we found that CDK4 deficiency markedly accelerates the onset of Myc-driven lymphoma, that loss or silencing of CDK4 augments the tumorigenic potential of extant lymphoma, and that CDK4 expression is suppressed in many subtypes of human B cell lymphoma. Further, we show that the lymphoma-promoting effects of this CDK4 deficiency are associated with loss of a CDK4/FOXO1/ RAG1/RAG2 pathway that controls genomic stability.
Results

CDK4 deficiency accelerates Myc-driven lymphomagenesis.
CDK4 deficiency is associated with rather late-onset hyperglycemia and type 2 diabetes that can lead to lethality in some animals, but these animals are not tumor prone (11, 13, 29) . We therefore tested the potential role of CDK4 in Myc-driven lymphoma by crossing Cdk4 +/-mice with Eμ-Myc transgenic mice (C57Bl/6). Eμ-Myc Cdk4 +/-F1 offspring were then bred with Cdk4 +/-mice to generate the three desired transgenic cohorts, Eμ-Myc Cdk4 +/+ , Eμ-Myc Cdk4 +/-, and Eμ-Myc Cdk4 -/-mice (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI63139DS1), and these animals were then monitored daily for tumor onset and signs of morbidity. As expected, lymphomas were not observed in Cdk4 +/+ or Cdk4 -/-littermates. Eμ-Myc Cdk4 +/+ mice displayed a typical course of lymphoma onset and survival, with a mean mortality of 18 weeks ( Figure 1A) . Surprisingly, Eμ-Myc Cdk4 -/-mice had an accelerated course of lymphoma onset and corresponding reductions in lifespan (mean mortality 11 weeks, Figure 1A) . Indeed, by 7 weeks of age, most Eμ-Myc Cdk4 -/-mice had enlarged LNs ( Figure 1B ) that were composed almost exclusively of large immature B220 + B cells, whereas this was not evident in LNs from age-matched Eμ-Myc Cdk4 +/+ littermates ( Figure 1 , B, C, E, and Supplemental Figure 1A ). Eμ-Myc Cdk4 +/-mice displayed an intermediate phenotype, with a mean survival of 13 weeks (Supplemental Figure 2A) . Notably, Eμ-Myc Cdk4 +/-lymphomas did not display loss of the remaining wild-type Cdk4 allele, and they expressed approximately half the level of CDK4 protein (Supplemental Figure 2B) . Thus, CDK4 deficiency accelerates Myc-driven lymphomagenesis, and CDK4 functions as a modifier of lymphoma development.
Histological analyses revealed that the tumors arising in the LNs of Eμ-Myc Cdk4 -/-mice were disseminated B cell lymphomas (Figure 1 , C and D, and Supplemental Figure 1B ). In contrast, normal LN architecture was present in 7-week-old Cdk4 +/+ , Cdk4 -/-, and Eμ-Myc Cdk4 +/+ mice ( Figure 1D ). We found that the lymphoma cells arising in the LNs of Eμ-Myc Cdk4 -/-mice were large ( Figure 1E ) and were immature and mature B cell lymphomas typical of those found in Eμ-Myc transgenic mice (ref. 30 , Supplemental Figure 1B , and Supplemental Table 2 ). Thus, CDK4 deficiency accelerates the onset of B lymphomas that typify Eμ-Myc mice.
CDK4 deficiency augments genomic instability of MYC-expressing B cells. The hyperproliferative response of premalignant Eμ-Myc B cells relies at least in part on the destruction of p27 Kip1 (8) and this response is offset by the induction of ARF/p53-dependent apoptosis (6) . Accordingly, loss-of-function mutations in ARF or p53 are a hallmark of Eμ-Myc lymphoma (6, 7, 31) . We found that the CDK4 deficiency had no effect on the elevated levels of Arf transcripts in Eμ-Myc B cells (Figure 2A ) and that the apoptotic index of Eμ-Myc Cdk4 +/+ and Eμ-Myc Cdk4 -/-premalignant B cells was similar (Supplemental Figure 3) . Further, the frequency of Arf deletion in Eμ-Myc Cdk4 -/-versus Eμ-Myc Cdk4 +/+ lymphoma was similar (3 of 8 for each cohort) ( Figure 2B ), and CDK4 deficiency had no effect on the alteration of p53, p19 Arf , or p27 Kip1 protein levels that typify Eμ-Myc lymphomas ( Figure 2C ), in which p27 Kip1 levels are often reduced (8) and those of p19 Arf and p53 are induced due to alterations in the ARF/MDM2/p53 circuit (6) . As expected, sequencing established that high levels of p53 protein in some lymphomas (2 of 9 for each cohort) were due to hotspot missense mutations (R172H or R277H). Thus, CDK4 deficiency does not affect the ARF-p53 checkpoint in Eμ-Myc B lymphoma cells.
To confirm that there were no overt effects of CDK4 deficiency on Myc transgene expression or function, we assessed c-MYC protein levels in Eμ-Myc Cdk4 -/-versus Eμ-Myc Cdk4 +/+ B cells and expression of bona fide MYC transcription targets. CDK4 loss did not affect the elevated levels of c-MYC protein in Eμ-Myc B cells or tumors (Supplemental Figure 4A) , and expression profiling of Eμ-Myc Cdk4 -/-versus Eμ-Myc Cdk4 +/+ lymphoma demonstrated that CDK4 deficiency did not overtly affect the direct MYC targets that have been defined in human B cells (ref. 32 and Figure 2D ).
The lymphoma-promoting effects of CDK4 deficiency could be due to effects on the hyperproliferative response manifest in Eμ-Myc B cells (8) or on possible autophagy (33) or senescence (34) checkpoints, particularly given the effects of the CDK4/Rb pathway on cell proliferation and on repression of senescence in melanoma (17) . However, we observed no differences in the S phase indices of premalignant Eμ-Myc Cdk4 +/+ and Eμ-Myc Cdk4 -/-B cells (Supplemental Figure 4B ) or in the expression of Rb, p16 Ink4a , or D-type cyclins in the lymphomas that arose in these mice (data not shown). We also detected no differences in the levels of p62/sequestrin, a bona fide target of the autophagy pathway, or in the levels of senescenceassociated β-galactosidase (Supplemental Figure 5) . Finally, there were no compensatory changes in the expression of the related kinase CDK6 in CDK4-deficient B cells, which were comparable in Cdk4 +/+ , Cdk4 -/-, Eμ-Myc Cdk4 +/+ , and Eμ-Myc Cdk4 -/-B cells and in the lymphomas that arose in Eμ-Myc Cdk4 +/+ , Eμ-Myc Cdk4 +/-, and Eμ-Myc Cdk4 -/-mice (Supplemental Figure 2B and data not shown).
Given these findings and the roles of overall CDK activity in controlling the DDR (4, 28), we assessed the effects of CDK4 deficiency on genomic instability in Eμ-Myc Cdk4 -/-versus Eμ-Myc Cdk4 +/+ lymphomas. As noted previously (3, 35) , many Eμ-Myc Cdk4 +/+ B lymphomas exhibited trisomy of chromosome (chr) 6 and/or chr 5, indicating frequent nonrandom chromosomal aberrations ( Figure 3 , A and C). Of note, we found that Eμ-Myc Cdk4 -/-lymphomas had multiple alterations, including a t(6C2;12F12) translocation, frequent trisomy of chr 18, loss of chr X, and complex translocations and rearrangements of chr 3 and chr 16 ( Figure 3 , B and C, and Supplemental Table 3 ). FISH analyses (36, 37) confirmed that there were marked increases in genomic instability (e.g., the Igh translocations) in Eμ-Myc Cdk4 -/-versus Eμ-Myc Cdk4 +/+ lymphomas ( Figure 3 , D and E). We also assessed the genomic alterations in these tumors (e.g., cleavage at fortuitous recombination signal sequences [RSSs] within the Bcl11b gene) by genomic PCR analyses, and Eμ-Myc Cdk4 -/-lymphomas also had markedly increased numbers of fortuitous recombination events within Bcl11b lymphomas compared with those within Eμ-Myc Cdk4 +/+ lymphomas (Supplemental Table 4 , A and B). Finally, these alterations were associated with the induction of select proto-oncogenes in Eμ-Myc Cdk4 -/-versus Eμ-Myc Cdk4 +/+ lymphomas, including Wnt16, c-Raf, Tcf3, and Tcf4, and with increased levels of somatic hypermutation (SHM) targets in B cell tumors, including Pax5 and Bcl6 (Supplemental ). Thus, CDK4 deficiency leads to lymphomas that harbor rampant genomic alterations, and this is associated with dysregulation of at least some cancer-associated genes.
A CDK4/RAG1/2 pathway controls genomic stability and tumorigenesis in Eμ-Myc B cells. To determine the mechanism by which CDK4 deficiency renders Eμ-Myc B cells susceptible to genomic alterations, we assessed factors known to control genomic instability in lymphoid cells. Elevated levels of the lymphocyte-specific recombinase complex composed of RAG1 and RAG2, which are physically linked in the genome and are coordinately expressed (38, 39) , are sufficient to drive aberrant translocations, recombination, and rearrangements of chromosomes that promote lymphomagenesis (40, 41) . Notably, RAG1 and RAG2 mRNA and protein levels were selectively elevated in premalignant and neoplastic Eμ-Myc Cdk4 -/-B cells ( Figure 4 , A and B).
Given the established roles of the RAG1/RAG2 complex in driving chromosomal alterations, we tested whether enforced coexpression of RAG1 and RAG2 was sufficient to provoke genomic instability and accelerate lymphoma onset in a fetal liver-derived Eμ-Myc HSC transplant model (20) and whether it was sufficient to augment the tumorigenic potential of extant Eμ-Myc lymphoma. Notably, lethally irradiated congenic recipients transplanted with Eμ-Myc HSCs cotransduced with MSCV-RAG1-and MSCV-RAG2-expressing retroviruses had a greatly accelerated course of lymphoma onset ( Figure 4 , C and D). As predicted, we found that RAG1/RAG2-expressing tumors had markedly increased numbers of genomic alterations (translocations, genomic deletions, and cleavage events at bona fide and fortuitous RSSs) that were associated with enhanced recombination at Igh and Bcl11b loci compared with the later-onset lymphomas arising in recipients transplanted with Eμ-Myc HSCs that were transduced with control MSCV virus ( Figure 4 , E and F, and Supplemental Table 4 , C and D).
To further test whether RAG1 and RAG2 overexpression was sufficient to augment the tumorigenic potential of extant Eμ-Myc lymphoma, we cotransduced a randomly chosen tumor with MSCV-Rag1-IRES-Puro and MSCVRag2-IRES-Hygro viruses or with control MSCV-Puro virus. Syngeneic C57Bl/6 mice were then transplanted i.v. with 1 × 10 6 lymphoma cells via the tail vein, and the recipient mice were followed for their course of disease and overall survival. Notably, enforced RAG1 and RAG2 coexpression in extant Eμ-Myc Cdk4 +/+ lymphoma induced more rapid disease in these recipients than in those transplanted with lymphoma transduced with MSCV-IRES control virus (Supplemental Figure 7) . Again, the accelerated course of disease in recipients bearing RAG1/RAG2-expressing lymphomas was associated with marked increases in genomic instability (translocations, deletions, etc.; data not shown). Thus, enforced expression of RAG1 and RAG2 is sufficient to accelerate the onset and augmented tumorigenic potential of Myc-driven lymphoma, and this is associated with marked increases in genomic instability.
CDK4 controls Rag1 and Rag2 transcription via FOXO1. To define the mechanism by which CDK4 loss controls RAG1 and RAG2 expression, we assessed known regulators of Rag1/Rag2 transcription. The FOXO family transcription factors FOXO1 and FOXO3a were candidates, as FOXO1 Kip1 , and actin proteins in the indicated representative lymphomas were determined ("mt p53" is a lysate from a previous Eμ-Myc lymphoma known to bear mutant p53). Lymphomas expressing high levels of p53 were found to harbor dominant-negative hotspot mutations in p53 by sequencing cDNA prepared from these tumors (data not shown). Tumors expressing high levels of p19 Arf protein also have alterations in the ARF/p53 pathway (6 Cdk4 -/-versus Eμ-Myc Cdk4 +/+ lymphomas. The numbers of aberrant chromosomes (translocation, partial genomic loss and gain) per lymphoma are shown for Eμ-Myc Cdk4 -/-and Eμ-Myc Cdk4 +/+ lymphomas. Eμ-Myc Cdk4 +/+ lymphomas (n = 6) with 0, 1, 2, and greater than or equal to 3 aberrant chromosomes are indicated. All Eμ-Myc Cdk4 -/-lymphomas (n = 6) had more than 3 aberrant chromosomes (Supplemental Table 3 directly induces Rag1 and Rag2 transcription in B cells (39, 42, 43) , and FOXO3a controls Arf transcription in Eμ-Myc B cells (44) . Notably, levels of FOXO1, but not FOXO3a, were selectively elevated in premalignant and neoplastic Eμ-Myc Cdk4 -/-compared with Eμ-Myc Cdk4 +/+ B cells (Figures 5A and Supplemental Figure 8A ).
Proteasome-directed turnover of FOXO proteins is regulated by phosphorylation of select residues (e.g., Ser249 [S249] and S329 [mouse S326] of FOXO1 and S253 and S318/S321 of FOXO3a) that trigger their nuclear export (45) (46) (47) . Indeed, we observed marked reductions in phosphorylated FOXO1-S326 (p-FOXO1-S326) in premalignant and neoplastic Eμ-Myc Cdk4 -/-versus Eμ-Myc Cdk4 +/+ B cells ( Figure 5A ). These effects on FOXO1 levels and phosphorylation were specifically linked to CDK4 status as: (a) there were no differences in CDK6 levels in wildtype versus CDK4-deficient Eμ-Myc B cells (Supplemental Figure 2B) ; (b) stable knockdown of CDK4 in Eμ-Myc Cdk4 +/+ lymphoma cells led to increases in total FOXO1, yet reductions in p-FOXO1-S326 ( Figure 5B) ; and (c) restoration of CDK4 expression in E-Myc Cdk4 -/-lymphoma led to reductions in total FOXO1 levels and to corresponding increases in p-FOXO1-S326 levels ( Figure 5C ). In contrast, Cdk4 status did not affect p-FOXO1-S249 levels (Figure 5 , A-C), nor did it affect p-S253-or p-FOXO3-aS318/S321 levels (Supplemental Figure 8A ). Thus, FOXO1 expression is selectively controlled by CDK4 in MYC-expressing B cells, and increased FOXO1 levels in Eμ-Myc Cdk4 -/-B cells are associated with decreased phosphorylation of FOXO1-S326.
Given these findings, we tested whether FOXO1 was a CDK4 substrate. Indeed, a consensus CDK4 site was conserved in FOXO1 (Supplemental Figure  8B) , and in vitro kinase assays demonstrated that recombinant cyclin D1/ CDK4 phosphorylates human FOXO1 at S329 (Supplemental Figure 8C) . Further, in Eμ-Myc Cdk4 -/-versus Eμ-Myc Cdk4 +/+ lymphomas engineered to express a human GFP-FOXO1 fusion protein, we observed marked reductions in p-S329 GFP-FOXO1 levels (Supplemental Figure 8D) . Finally, CDK4-mediated phosphorylation of FOXO1 at S326/S329 promoted FOXO1 cytoplasmic localization, as nuclear FOXO1 levels were elevated in Eμ-Myc Cdk4 -/-lymphoma ( Figure 5D ), and mutation of FOXO1 S329 to alanine (FOXO1-S329A) increased nuclear GFP-FOXO1 levels in Eμ-Myc Cdk4 +/+ lymphoma engineered to express this fusion protein (Supplemental Figure 8E) . Thus, FOXO1 is a substrate of CDK4, and CDK4 deficiency is associated with increased levels of nuclear FOXO1.
To test whether the CDK4/FOXO1 circuit controls Rag1/Rag2 expression in MYC-expressing B cells, we assessed the effects of knockdown or overexpression of CDK4 in Eμ-Myc lymphoma cells. Stable knockdown of CDK4 in Eμ-Myc Cdk4 +/+ lymphoma cells increased levels of RAG1 and RAG2 ( Figure 5B ), whereas restoring CDK4 expression in Eμ-Myc Cdk4 -/-lymphoma reduced levels of RAG1 and RAG2 ( Figure 5C ). Thus, CDK4 suppresses FOXO1, which normally induces Rag1 and Rag2 expression (39, 42, 43 ).
Since Rag1 and Rag2 are physically linked in the genome and are coordinately expressed and their transcription is directly regulated by FOXO1 (39, 42, 43) , we tested whether the increases in RAG1 and RAG2 levels in the malignant B cells of Eμ-Myc Cdk4 -/-mice were FOXO1 dependent. As predicted, ChIP analyses demonstrated FOXO1 binding to enhancers in the Rag1/Rag2 locus (ERAG1 and ERAG2) that harbor FOXO1 binding element motifs (refs. 39, 43, 48 , and Figure 6A ), and revealed that FOXO1 binding was augmented in Eμ-Myc Cdk4 -/-B cells ( Figure 6A ). Moreover, we found that FOXO1 knockdown in Eμ-Myc Cdk4 -/-lymphoma cells reduced RAG1 and RAG2 levels, whereas FOXO1 overexpression augmented RAG1 and RAG2 levels ( Figure 6B) . Further, enforced FOXO1-S329A expression in Eμ-Myc Cdk4 +/+ lymphoma increased RAG1 and RAG2 levels, and reductions of RAG1 and RAG2 following FOXO1 knockdown were rescued by a FOXO1-S329A wobble mutant resistant to FOXO1 siRNA ( Figure 6C ). Thus, FOXO1 controls CDK4-dependent regulation of Rag1 and Rag2 transcription in Eμ-Myc B cells.
CDK4 loss augments the tumorigenic potential of Myc-driven lymphoma. The effects of CDK4 deficiency on the development of Eμ-Myc lymphoma suggested that CDK4 might also affect tumorigenic potential. To test this notion, limiting numbers of lymphoma cells (1-3 × 10 5 ) from tumors arising in Eμ-Myc Cdk4 -/-and Eμ-Myc Cdk4 +/+ (C57Bl/6) littermates (three independent lymphomas from each cohort) were transplanted into 6-to 8-week-old Cdk4 +/+ (C57Bl/6) recipients, which were followed for the onset of disease and overall survival. Notably, disease was more penetrant and accelerated in recipients transplanted with Eμ-Myc Cdk4 -/-lymphoma (P < 0.001; Figure  7A ). Thus, CDK4 loss augments the tumorigenic potential of Myc-driven lymphoma.
Though we suspected that the accelerated disease in CDK4-deficient Eμ-Myc was associated with their inherently high genomic instability (Figure 3) , we reasoned that CDK4 deficiency could have other effects on the tumor cells and tumorigenesis. To test this, we reintroduced CDK4 into Eμ-Myc Cdk4 -/-mouse lymphomas by infecting these tumors with MSCV-CDK4-IRES-Puro virus (or with control MSCV-IRES-Puro virus; Supplemental Figure 9A ). These CDK4-overexpressing tumors were then transplanted into syngeneic recipients that were followed for disease onset and overall survival. Eμ-Myc Cdk4 -/-lymphomas transduced with CDK4-expressing retrovirus had a tumorigenic potential similar to that of the lymphomas transduced with control retrovirus (Supplemental Figure 9B) . Thus, the augmented tumorigenic potential of CDK4-deficient Eμ-Myc lymphomas is due to defects such as genomic alterations that are acquired during tumor progression and that cannot be undone. Similarly, forced overexpression of CDK4 did not significantly enhance the tumorigenic potential of human Burkitt lymphoma (BL) cell lines (Supplemental Figure 10) .
Although most human B cell lymphomas that we analyzed expressed little to no CDK4 (see below), two human BL cell lines (Ramos and CA46) expressed modest levels of CDK4 ( Figure 7B ). We thus used these cells to test whether silencing CDK4 also augments the tumorigenic potential of human MYC-driven B cell lymphoma. Efficient stable knockdown of CDK4 was achieved in both BL cell lines ( Figure 7B ). Of note, CDK4 knockdown led to decreased levels of p-FOXO1-S329 ( Figure 7 , B and C). Importantly, silencing CDK4 augmented the tumorigenic potential of both human BL cell lines when we injected them into immunocompromised nude recipient mice (Figure 7, D and E) . Further, knockdown of CDK4 in these human lymphomas also led to tumors with greater genomic alterations (Supplemental Figure 11, A and B) .
CDK4 behaves as an oncogene in other contexts (14, 49) . Therefore, we tested the effects of silencing CDK4 on the tumorigenic potential of human estrogen receptor-positive MCF7 breast cancer cells. Notably, we found that stable knockdown of CDK4 impaired the tumorigenic potential of MCF7 xenografts in transplanted immunocompromised nude mice (Supplemental Figure 11C) . Thus, the effects of CDK4 on tumorigenesis are context specific and, in contrast to other scenarios, CDK4 functions in lymphoma to harness tumorigenesis. Note that FOXO1 knockdown decreased RAG1 and RAG2 levels and that this was reversed by expression of FOXO1-S329-RE. Immunoblotting with CDK4 and CDK2 showed equal loading. Results are representative of three independent experiments. Graphs display the median ± SD (n = 3; mean ± SD, with error bar).
Suppression of CDK4 and elevated expression of FOXO1 are manifest in human B cell lymphoma subtypes.
The profound effects of CDK4 deficiency on Myc-driven lymphoma in mice suggested that CDK4 might be altered in human B cell lymphoma. Indeed, immunohistochemical (IHC) analyses showed little to no expression of CDK4 protein in approximately 90% of the primary human B cell lymphomas tested (n = 125) when compared with the relatively high levels of CDK4 detected in normal LNs (n = 10) (Figure 8 ) and other tumor types (Supplemental Figure 12) . Suppression of CDK4 levels was evident in most subtypes of non-Hodgkin lymphoma (NHL) including MALT, follicular lymphoma (FL), diffuse large B cell lymphoma (DLBCL), and BL (Supplemental Table 5 ). Furthermore, IHC analyses demonstrated that p-FOXO1-S329 levels were reduced and that total levels of FOXO1 were highly elevated in nearly 70% of human B cell lymphomas versus the levels expressed in normal LNs (Figure 8 ). Finally, we found that elevated levels of RAG1 in human B cell lymphomas were associated with reduced levels of CDK4 and were concordant with high levels of FOXO1 (Figure 8 and data not shown). These data suggest that a CDK4/FOXO1 pathway is also disabled in a significant proportion of non-Hodgkin B lymphomas.
To address the mechanism by which CDK4 protein levels were suppressed in non-Hodgkin B cell lymphoma, we performed genomic CDK4 copy number analyses and quantitative RT-PCR (qRT-PCR) analyses of CDK4 transcript levels. We detected only about 4 of 60 lymphomas analyzed for copy number that showed a reduction to 1N, and although CDK4 amplification has been reported in human lymphoma and other tumor types, only 8 of these lymphomas had more than two copies of CDK4, and most of these tumors showed no overt amplification of CDK4 ( Figure 9A) . Strikingly, the reductions in CDK4 protein levels directly correlated with markedly reduced levels of CDK4 transcripts in the majority of human B cell lymphoma subtypes analyzed ( Figure 9B ). Thus, either CDK4 transcription or mRNA half-life is suppressed in many human non-Hodgkin B cell lymphomas.
Discussion
Given the established connections between c-MYC and CDK4 (9, 32) and that Cdk4 loss often impairs tumorigenesis, we predicted that Cdk4 deficiency would impair Myc-driven lymphomagenesis. Surprisingly, our studies revealed instead that Cdk4 loss accelerates Myc-driven lymphoma development and augments the tumorigenic potential of extant lymphoma. Furthermore, we discovered that CDK4 deficiency increases genomic instability in Eμ-Myc lymphomas, suggesting that this accelerates lymphomagenesis (4). Mechanistically, the effects of CDK4 deficiency are linked to the CDK4 substrate FOXO1 and to its transcription targets RAG1 and RAG2, which are associated with the aberrant chromosomal translocations that are manifest in Eμ-Myc Cdk4 -/-lymphomas and which we show are sufficient to provoke genomic instability and to accelerate the development and augmented tumorigenic potential of Myc-driven lymphoma.
Our findings strongly support the notion that CDK4 harnesses Myc-driven lymphomagenesis despite the fact that it promotes were transplanted via the tail vein into 6-to 8-weekold nude recipients that were then followed for lymphoma onset. Statistical analyses were performed as above. n = 12 mice per group (P = 0.019 and P = 0.04, respectively). responding higher levels of FOXO1. These findings were surprising, given that there is no selection for Rb loss in the Eμ-Myc model (7) or effects of INK4a deficiency (26) and that CDK4 loss had no effect on senescence in premalignant B cells (Supplemental Figure 5B) . However, our findings are generally consistent with previous studies showing that most human mantle cell lymphomas express very low levels of CDK4 protein and that only a small fraction of these tumors display an increased CDK4 gene copy number (only 4 of 62) (51). Further, others have reported that among 180 primary DLBCLs, there were only 21 recurrent copy number alterations (11.6%), and/or is required for tumorigenesis in other contexts (refs. 14 and 49 and Supplemental Figure 11B ). Indeed, despite the fact that enforced cyclin D1 expression accelerates lymphoma development in Eμ-Myc transgenic mice (50), we show that loss of CDK4 accelerates the onset and augmented tumorigenic potential of Eμ-Myc lymphoma and that knockdown of human CDK4 also augments the tumorigenic potential of human BL cell lines. Finally, our analyses suggest that there is a strong selection for silencing CDK4 expression in several human B cell lymphoma subtypes, as many of these tumors express low levels of CDK4 mRNA and protein and the cor- Eμ-Myc B cells. The effects of CDK4 on FOXO1 were selective, as we observed no changes in FOXO3a expression or phosphorylation in Eμ-Myc Cdk4 -/-B cells. These findings are in accord with a lack of effect of CDK4 deficiency on Arf expression, as FOXO3a regulates Arf transcription in Eμ-Myc B cells (44) . Thus, CDK4 targets FOXO1 through a mechanism independent of links between FOXO3a, ARF, and lymphomagenesis.
CDK2-or CDK1-dependent phosphorylation of FOXO1 at S249 blocks FOXO1 activity by provoking its cytoplasmic localization and destruction, and this response is disabled following DNA damage (45) (46) (47) . However, we found that CDK4 status did not affect the levels of p-FOXO1-S249 in Eμ-Myc B cells. Rather, CDK4-directed phosphorylation of FOXO1 at S326 (human FOXO1 at S329) holds FOXO1 activity in check in lymphoma cells, and thus CDK4 loss leads to marked reductions of p-FOX-O1-S326 or p-FOXO1-S329 and to increased levels of nuclear FOXO1 and induction of the FOXO1 targets Rag1 and Rag2, which are sufficient to provoke genomic instability and augment Mycdriven lymphomagenesis.
Precisely how CDK4 deficiency triggers genomic instability in MYC-expressing B cells is not resolved, but the data strongly suggest that this deficiency reflects aberrant activity of the RAG1/ RAG2 complex, which can promote the formation of complex translocations coined "complicons" in the B cell milieu (40, 41, 57, 58) . Although it has been reported that RAG1 deficiency also accelerates the development of lymphoma in the Eμ-Myc model (59) , any genetic insult that provokes a progenitor B cell developmental blockade such as that seen with Rag1 deficiency (60) will trigger such a phenotype, leading to increased pools of highly proliferating, at-risk progenitor B cells (30) . Indeed, genomic instability typifies Eμ-Myc Cdk4 -/-B cell lymphoma, which selectively accumulates complex genomic abnormalities and is associated with the induction of several oncogenes that have been implicated in B cell malignancies. Collectively, increased which include copy gains of all possible genes, and that of these, there was a low frequency (only 13%) that had amplified CDK4 (52) . Further, IHC analyses have shown that indolent FLs express no (12 of 21, 57%) or very low (9 of 12, 43%) levels of CDK4 and that 68% (15 of 22) of DLBCLs have no or low CDK4 levels (6 of 22 were negative and 9 of 22 had low levels of CDK4 (53) .
Our findings have also revealed that CDK4 substrates other than Rb are important for tumorigenesis. Specifically, FOXO1 is now revealed as a CDK4 substrate that is important for lymphomagenesis, and FOXO1 is suggested to play oncogenic roles in this context by virtue of its ability to activate the expression of RAG1 and RAG2, which are sufficient to drive genomic instability and lymphomagenesis. Interestingly, recent reports have shown that FOXO1, FOXO3a, and FOXO4 can behave as oncoproteins in acute myeloid leukemia, but not in solid tumors (54) , and that FOXO1 is highly expressed in NHLs (55) . The latter findings are consistent with our studies (Figure 8 ), which show elevated FOXO1 expression in non-Hodgkin B cell lymphoma. Collectively, these findings suggest that the different roles of CDK4 and FOXO1 in tumorigenesis hinge on cell context. We found that typical proliferative (p27 Kip1 ) and apoptotic (ARF and p53) checkpoints of MYC-induced lymphoma were not affected by the CDK4 deficiency, nor were there effects on Myc transgene levels or on direct MYC transcription targets. However, we found that the effects on genomic instability were clearly manifest in Eμ-Myc Cdk4 -/-lymphoma. Although alterations in cyclin E have been linked to genomic instability (56), we observed no effects of CDK4 loss on cyclin E levels in Eμ-Myc B cells (data not shown). However, there were profound effects on the FOXO1/RAG1/RAG2 pathway. Specifically, the data show that CDK4 phosphorylates FOXO1 at S326 (S329 in man) and that this modification is necessary for FOXO1 cytoplasmic localization, where it is destroyed by the proteasome (45-47) . Accordingly, CDK4 loss leads to increased levels of nuclear FOXO1 in sites and then cloned into the MSCV-IRES-Puro and MSCV-IRES-Hygro retroviruses (Clontech), respectively. Retrovirus stocks were generated as described (13, 20) . Days E13.5-E15.5 pregnant Eμ-Myc mice were humanely euthanized to obtain fetal livers, which were minced and cultured at approximately 3 × 10 6 cells/ml in media supporting HSC growth as described (13, 20) . For transplantation, 6-to 8-week-old lethally irradiated C57Bl/6 recipient mice were reconstituted 6 hours later with approximately 3 × 10 6 viable fetal liver Eμ-Myc HSCs (control) or with Eμ-Myc HSCs transduced with MSCV control virus or cotransduced with MSCV-RAG1 and MSCV-RAG2 retroviruses by tail-vein injection. Lymphoma onset was defined as the occurrence of palpable cervical or peripheral LNs (at least 5 mm in diameter in one dimension). Statistical evaluation of tumor onset data was based on the log-rank (Mantel-Cox) test for comparison of the Kaplan-Meier event-time format and on an unpaired Student's t test for comparison of the means and SDs. Three independent HSC transplantations were performed, and control and transduced Eμ-Myc HSCs were transplanted into 5 to 6 recipients.
Lymphoma transplantation assay. Lymphoma cells (3 × 10 5 ) were injected into the tail veins of 6-to 8-week-old Cdk4 +/+ female mice. Recipient animals were monitored for morbidity and tumor onset by palpating the LNs.
Expression profiling analyses. The effects of CDK4 deficiency on direct MYC targets were assessed by comparing total gene expression profiles of Eμ-Myc Cdk4 +/+ versus Eμ-Myc Cdk4 -/-lymphomas with the 668 direct MYC target genes defined in human B cells (32) . This gene list was imported into the wild-type B220 + /precancerous Eμ-Myc B220 + gene chip robust multiarray averaging (GC-RMA) normalized database, and probesets were selected that were deferentially expressed (Student's t test, P < 0.05, 2-fold change or higher) between wild-type B220 + and precancerous Eμ-Myc samples and that were expressed higher than the chip median in one or more samples. The resulting list was then imported into the Eμ-Myc Cdk4 +/+ and Eμ-Myc Cdk4 -/-Affymetrix MAS5 normalized database. Microarray data were deposited in the Gene Expression Omnibus database (GEO GSE21683).
Statistics. A Student's t test was used to validate the significance of the observed differences. A P value less than 0.05 was considered statistically significant.
Additional methods are described in Supplemental Methods.
genomic instability and/or aberrant expression of such targets would explain, at least in part, the accelerated course of lymphomagenesis manifest in Eμ-Myc Cdk4 -/-transgenic mice as well as the increased tumorigenic potential of mouse and human lymphomas in transplant models. Finally, it is important to note that anti-CDK4 strategies are being widely applied as anticancer therapies (49) . Quite strikingly, the effects of CDK4 silencing are the opposite of those provoked by a small-molecule inhibitor that has been touted as a selective inhibitor of CDK4 and CDK6 (Supplemental Figure 13) . In fact, given the limited profiling that has been done to date, it is unclear whether there are other kinases that are inhibited by these agents that then affect other critical factors needed to support lymphoma cell growth and survival (61) (62) (63) (64) . Along these lines, we note that it is striking that treatment of BL cells with these agents results in downregulation of steady-state levels of both CDK4 and CDK6, consistent with off-target effects. The effects of CDK4 deficiency on B cell lymphoma described herein indicate that the use of CDK4 suppression strategies in anticancer therapies needs to be carefully tailored, as such strategies may have untoward lymphoma-promoting effects.
Methods
Mice and tumor monitoring. Cdk4 +/-mice (C57Bl/6) were interbred with Eμ-Myc transgenic (C57Bl/6) mice. F1 Eμ-Myc Cdk4 +/-mice were then backcrossed to Cdk4 +/-mice to generate the desired cohort: Cdk4 +/+ , Cdk4 +/-, Cdk4 -/-, Eμ-Myc Cdk4 +/+ , Eμ-Myc Cdk4 +/-, and Eμ-Myc Cdk4 -/-mice. Mice were monitored daily for signs of morbidity and tumor onset, and log-rank survival tests were performed. Tumors were harvested immediately after euthanasia. Single-cell suspensions were obtained from the tumors and were analyzed by FACS; the remainder was snap-frozen in liquid nitrogen for DNA, RNA, and protein analysis. All animal-related procedures were performed in accordance with protocols approved by the IACUC of The Ohio State University.
Expression constructs. The GFP-FOXO1-S329A construct was generated by site-directed mutagenesis of GFP-FOXO1 (provided by A. Bonni of Harvard University, Cambridge, Massachusetts, USA and S. Guo of Texas A&M Health Science Center, College Station, Texas, USA). The GST-FOXO1 and GST-FOXO1-S249A plasmids were also provided by A. Bonni. The RNAiresistant FOXO1-RE plasmid was generated as described (45, 46) .
Western blot analysis. Lysates of cells and tissues were generated in SDS sample buffer (60 mM Tris-HCl at pH 6.8, 10% glycerol, 2% SDS, and 5% 2-mercaptoethanol). Equal amounts of lysate protein (50 μg) were separated on 8% to 12% SDS-PAGE gels, transferred to PVDF membranes (Amersham), and then incubated with primary antibodies specific to CDK4 (SC-260; Santa Cruz Biotechnology Inc.), CDK2 (2546; Cell Signaling Technology), CDK6 (SC-177; Santa Cruz Biotechnology Inc.), p-FOXO1 (S329) (ab52857; Abcam), RAG1 (NPP1-74190; Novus Biological), RAG2 (ab133609, i.e., Epitmics 5485-1 for mouse cells; Abcam); RAG2 (ab959955 for human cells; Abcam), p62 (SC-28359; Santa Cruz Biotechnology Inc.), p27 Kip1 (610242; Transduction Labs), p53 (Ab-7; Oncogene Research), p19 Arf (ab80; Abcam), FOXO1 (2880; Cell Signaling Technology), p-FOXO1-S249 (441245G; Invitrogen), FOXO3a (2497; Cell Signaling Technology), p-318/321-FOXO3a (9465; Cell Signaling Technology), or β-actin (A00702; Sigma-Aldrich). Blots were then rinsed in TBST and further incubated in peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies, respectively. Proteins were visualized using an ECL detection system (Pierce Biotech) and were exposed to film. All experiments were repeated in triplicate.
Eμ-Myc HSC transduction and transplantation. Mouse Rag1 and Rag2 cDNA fragments were amplified with primers containing compatible restriction
